Background: Wnt signalling dysregulation has been implicated in cancer, including colon and gastric cancer. Initiation of Wnt signalling is modulated by soluble Wnt antagonists (sWAs), including soluble frizzled related proteins, dickkopf (Dkk) proteins, and Wnt inhibitory factor-1 (Wif1). Aims: To evaluate the role of sWAs in upper (gastric) and lower (colon) gastrointestinal tract tumorigenesis. Methods: Dkk1-3, Wif1, and FrzB expression was evaluated by in situ RNA hybridisation on normal and malignant human gastric and colon tissues. Expression was graded semiquantitatively. Results: Wif1, Dkk1, and Dkk2 were not expressed in normal gastric tissue. Dkk3 was expressed in some samples, with stronger expression in deep gastric glands. FrzB was expressed in several normal gastric samples, but not in matched tumour specimens. In contrast, Dkk1 and FrzB were not expressed in normal colon. Wif1 was expressed in most colon samples, with stronger expression at crypt bases. Dkk3 and Dkk2 expression was also concentrated at crypt bases. There were no differences between sWA expression in malignant colon and matched normal tissue. Conclusions: sWA expression differed between upper and lower gastrointestinal tract. The loss of FrzB in gastric cancer suggests that it acts as a tumour suppressor. The graded expression of Dkk3 in gastric tissue, and Dkk2, Dkk3, and Wif1 in colon tissue, with increased expression in the deep gastric glands/colonic crypt bases, where gastrointestinal stem cells reside, suggests that sWAs may be crucial Wnt signalling regulators in these tissues, and may contribute to stem cell pool maintenance. sWAs are important components of the gastrointestinal proliferative regulatory network.
T
he Wnt signalling pathway controls patterning and cell fate determination in the development of a wide range of organisms, from drosophila to mammals. 1 The Wnt genes encode a large family of secreted molecules that play important roles in controlling tissue patterning, cell fate, and cell proliferation within a broad range of embryonic contexts, including the gastrointestinal tract. 2 To date, 19 members of the Wnt family have been identified in humans, along with 10 members of the frizzled (Fz) family, serpentine transmembrane cell surface receptors through which the Wnt signalling cascade is initiated.
''The Wnt genes encode a large family of secreted molecules that play important roles in controlling tissue patterning, cell fate, and cell proliferation within a broad range of embryonic contexts, including the gastrointestinal tract''
In the canonical Wnt pathway, binding of Wnt ligands to the Fz receptors results in activation of disheveled protein and subsequent inhibition of glycogen synthase kinase 3b. This, in turn, prevents adenomatous polyposis coli and Axin dependant degradation of b catenin, leading to its accumulation. The accumulated b catenin translocates to the nucleus and binds to members of the lymphoid enhancer factor/T cell factor family of high mobility group box transcription factors, inducing the transcription of growth regulatory genes. There are other, non-canonical pathways including the Wnt-Ca 2+ pathway and the planar polarity pathway that are less well understood in relation to human carcinogenesis. [3] [4] [5] [6] The interactions of Wnt ligands and Fz receptors are modulated by the secreted Wnt antagonists (sWAs), which can be divided into two functional classes: the soluble frizzled related protein (sFRP) class and the dickkopf (Dkk) class. Members of the sFRP family include Wnt inhibitory factor-1 (Wif1), sFRP1, 2, 4, and 5, and frisbee (FrzB, sFRP3). They bind directly to Wnts, thus altering their ability to bind the Fz receptors. Four members of the Dkk family, Dkk1-4, bind to low density lipoprotein receptor related proteins (LRP5 and 6) contained within the Wnt receptor complex and influence Wnt signalling by preventing normal LRP-Fz-Wnt interactions. 7 The various secreted Wnt antagonists interact directly and indirectly to affect Wnt signalling and influence a wide variety of biological processes, including developmental cell fate, differentiation, and tumorigenesis. In our study, we have used an in situ, antisense RNA hybridisation technique to examine the expression of selected sWAs and explore any possible associations between sWAs and tumorigenesis in the upper and lower human gastrointestinal tract.
METHODS

Tissue acquisition
Archived, paraffin wax embedded pathological specimens were obtained under an IRB approved protocol. Patients were identified through the Chao Family Comprehensive Cancer Center as individuals with surgical resections of colonic or gastric adenocarcinoma. Samples of normal gastric or colon tissue and of cancer tissue were obtained from different cuts of the same surgical specimen for each patient. Fifteen patients with colon cancer and 12 with gastric cancer were enrolled in our study. The histology of the colon cancers was predominately moderately differentiated or moderate to well Abbreviations: Dkk, dickkopf; FrzB, Frisbee; Fz, frizzled; LRP, lipoprotein receptor related protein; sFRP, soluble frizzled related protein; sWA, soluble Wnt antagonist; Wif1, Wnt inhibitory factor-1 differentiated. Only one sample contained an appreciable amount of poorly differentiated cancer. About half of the patients had lymph node involvement (stage III) at the time of surgical resection and one patient presented with metastatic (stage IV) disease, although the metastatic site was not biopsied. Gastric cancers included well differentiated tumours (three), moderately well differentiated tumours (three; one classified as intestinal type), and poorly differentiated tumours (six; diffuse, intestinal, and signet ring classifications). None of the patients from whom gastric cancer specimens were obtained had evidence of distant metastases at the time of diagnosis.
Cell lines
Human cell lines were obtained from the American Type Culture Collection (Manassas, Virginia, USA). They comprised HT29, RKO, and Colo205, and were grown in conditioned medium as recommended by the company. The cells were pelleted by centrifugation, embedded in paraffin wax, sectioned, and prepared in a similar manner to the tissue (described below) for in situ RNA hybridisation. These cell lines served as positive and negative controls.
In situ RNA hybridisation Tissue slides were dewaxed with sequential xylene/alcohol/ DEPC treated H 2 O washes and hybridised with single stranded antisense RNA probes generated from cDNAs using T7 and T3 RNA polymerase promoters in the respective vectors as described previously. 8 Briefly, the probes contained sequences encoding 39 untranslated regions to minimise crossreactivity. Controls included paraffin wax embedded cell lines known to express, or not express, the relevant genes.
Sense orientation RNA probes were used as additional negative controls. Probes were labelled with digoxigenin, hydrolysed, and hybridised to tissue sections in a moisture controlled environment at 37˚C for 72 hours under conditions optimised for each probe. Positive hybridisation was detected using antidigoxigenin conjugated to alkaline phosphatase to allow visualisation with an alkaline phosphatase substrate. All slides were counterstained with a FAST red reagent to reveal the tissue architecture. Comparisons of normal tissue with malignant tissue on different regions of the same slide ensured identical treatment of tissues for comparison of expression.
Expression was visualised directly by means of an Olympus B50 microscope system with Nomarski optics and digital capture technology. Photographs of tissue and cell line sections were obtained within 72 hours of completion of the hybridisation to minimise slide artefacts, which can appear over time.
Probes used for in situ hybridisation included Wif1, Dkk1, Dkk2, Dkk3, and FrzB obtained from Genome Systems (St Louis, Illinois, USA). The genes and the accession and identification numbers from the Image Consortium are listed as follows: Wif1, 221974, H83294; Dkk1, 471724, AA035443; Dkk2, 1233516, AA715452; Dkk3, 5264858, BI553372; and FrzB, 51061, H18848.
RESULTS
Expression of sWAs was initially graded as negative (no cells staining), weakly positive (faint staining), or positive (evident staining) by two blinded observers. A third observer was used if any discrepancy existed to generate a majority consensus. For data analysis, the expression pattern was graded as either negative or positive. In addition to this semiquantitative grading, any apparent differences in staining patterns at particular locations within the sample (for example, the base of a colonic crypt) were recorded.
Wif1, Dkk1, and Dkk2 were not expressed in either normal or malignant gastric tissue (table 1). Dkk3 was expressed in four of nine samples of gastric normal tissue and two of nine samples of gastric malignant tissue (fig 1) . In normal tissue, there was stronger expression of Dkk3 in the deep gastric glands than in the gastric glands closer to the mucosal surface. We have termed this a ''zonal'' expression pattern. FrzB was expressed in two of five normal gastric tissue samples, but was absent in all malignant gastric tissue samples tested (fig 2) . No correlation was seen with the expression of specific sWAs and the histological grade or descriptive subtype.
Wif1 was expressed in most normal and malignant colon tissue samples (table 1). In the normal tissue samples, there was a stronger or zonal expression of Wif1 mRNA at the base of colon crypts (fig 3) . Dkk3 exhibited similar zonal expression, but was detected in only five of 14 normal and four of 15 malignant samples. Dkk2 was expressed in one of three normal and one of three malignant tissue samples, with zonal expression in the one normal sample showing expression. Dkk1 and FrzB were not expressed in either normal or malignant colon tissue. No correlation between the expression of sWAs and the presence of lymph node or metastatic disease at the time of diagnosis (stage III or IV) was seen.
DISCUSSION
Wnt signalling is known to be involved in gut development in both invertebrate and vertebrate model systems. [9] [10] [11] For example, during various stages of gut development in the chick embryo differential expression of Wnt, Fz, and sWA genes suggests that a spatially and temporally regulated matrix of factors influences signalling through the Wnt pathway to promote normal foregut formation. 12 13 In mice, disruption of the Tcf7/2 gene, which encodes the Wnt downstream transcriptional regulatory protein Tcf4, by homologous recombination impairs intestinal development and reduces the intestinal stem cell compartment. 14 The pattern of sWA expression in the human upper gastrointestinal tract is distinct from that seen in the lower tract. In normal gastric tissues, expression of Dkk3 and FrzB was seen and Wif1 and Dkk2 transcripts were not detected. In the normal colon, Wif1 expression was seen in all samples, and Dkk2 and Dkk3 were expressed in approximately one third of the samples tested. No FrzB expression was seen. Interestingly, no expression of Dkk1 was seen in the normal or malignant gastric or the normal or malignant colonic tissues. Transgenic mice that ectopically express Dkk1 exhibit a reduction in intestinal epithelial proliferation and loss of intestinal crypts. 15 Based on our data, at least in adult, human gastrointestinal tissues, Dkk1 does not appear to be a crucial regulator of Wnt signal throughput.
The loss of FrzB expression in gastric cancer suggests that this sWA may act as a tumour suppressor, and that its loss in malignancy removes FrzB mediated inhibition of proliferative Wnt signals. Our data are consistent with an earlier report by To et al, 16 which described downregulation of this sFRP in gastric cancers. A similar inactivation and downregulation of sFRP1, the expression of which was not investigated in our study, has been reported in colorectal carcinogenesis. 17 Downregulation of some sWAs is also seen in cancers arising from the breast, cervix, and bladder. [18] [19] [20] Thus, it appears that some sWAs act as tumour suppressors and the loss of sWAs may contribute to cancer development. Our data implicate FrzB in gastric carcinogenesis.
The gastric cancer specimens analysed ranged from well differentiated to poorly differentiated and included intestinal, diffuse, and signet ring histologies. No correlation between histological subtype or grade and sWA expression was seen. The colon cancer specimens were predominately moderately or moderately to well differentiated. About half presented with lymph node involvement, but no correlation between sWA expression and locoregional lymph node involvement was seen. In a previous study in breast cancer, 18 the number of axillary lymph nodes involved with tumour was significantly lower when primary tumours expressed high levels of frizzled related protein, and expression increased with increasing histological grade. In the gastrointestinal samples analysed here, no such correlations could be established. We found that sWAs such as Dkk3 in gastric tissues and Wif1, Dkk2, Dkk3 in colon tissues are differentially expressed in the deep gastric glands/base of the colonic crypt compared with the superficial or mucosally oriented gastric glands/ mucosal aspect of the colonic crypt. Higher expression of sWA genes was seen at the base of colon crypts and in the deep gastric glands, areas where proliferative and undifferentiated gastrointestinal stem cells reside. 21 Nuclear accumulation of b catenin, a marker of canonical Wnt pathway activation, is specifically found in the epithelial cells located at the bottom of the colonic crypt. 22 23 The b catenin-Tcf4 complex, and its target gene c-myc, has been proposed as a switch that regulates the balance between proliferation and differentiation in the intestinal epithelium. 22 In other tissues, Wnt signalling has been shown to play a role in homeostasis and self renewal of normal haemopoietic stem cells, 24 and purified Wnt3a has been shown to act directly as a stem cell growth factor. 25 Wnt proteins also regulate stem cell function in the skin. 26 Our data suggest that, in the gastrointestinal tract, one way in which Wnt signal throughput in the stem cell compartment is regulated is through differential expression of sWAs.
''It is possible that higher expression of Dkks, in particular Dkk3, in the area of the gastrointestinal stem cells promotes non-canonical signalling, and that these noncanonical signals are crucial in maintaining a proliferating, but undifferentiated stem cell pool''
The expression of sWAs may inhibit canonical Wnt signals, as suggested by Pinto et al, 15 preventing differentiation of stem cells and thereby maintaining the stem cell pool. Dkks have been proposed to inhibit canonical Wnt signals primarily, possibly promoting signalling through non-canonical pathways. 6 It is possible that higher expression of Dkks, in particular Dkk3, in the area of the gastrointestinal stem cells promotes non-canonical signalling, and that these noncanonical signals are crucial in maintaining a proliferating, but undifferentiated stem cell pool. Previous results from our laboratory 8 described increased expression of Wnt5a at the base of the colonic crypts. Wnt5a is involved in non-canonical signalling through both the Wnt5a-Ca 2+ pathway 27 and the Wnt-Jnk pathway. 28 Thus, the Wnt5a and Dkk data are consistent and suggest an important role for non-canonical Wnt signals in the regulation and maintenance of gastrointestinal stem cells.
Although a differential, zonal distribution of Dkk3 has been described previously in the adrenal cortex, 29 where Wnt signalling is also tightly regulated, the expression patterns of Wif1 are less well characterised, although downregulation in some cancers has been reported. 30 In addition, although Wif1 binds to secreted Wnt ligands, 31 its exact mechanism of action in inhibiting Wnt signals has not been defined. Wif1 has no sequence similarity with the CRD domain of Fz or sWAs. In drosophila models, Wif1 can bind to XWnt8 and drosophila Wg in the extacellular space and inhibit Xwnt8-Dfz2 interactions and Armadillo stabilisation. Whether a similar inhibition of Wnt-Fz interactions occurs in mammalian cells is not clear. In addition, whether the zonal distribution pattern of Wif1 seen in our study is linked to non-canonical Wnt signals, as proposed for Dkk3, requires further study.
An alternative model could be proposed if in human gastrointestinal tissues Dkk2 and Dkk3 do not exhibit Wnt antagonist activity but, instead, enhance Wnt signal throughput. Dkk3 does not suppress Wnt induced secondary axis formation in the xenopus embryo, 32 and may act as a positive ligand for LRP5/6 to promote Wnt signals. Dkk2 is thought to act as a Wnt agonist via its interaction with LRP6. 33 34 Thus, Dkk2 and Dkk3 may be acting as Wnt agonists, promoting Wnt dependent proliferation in the stem cell compartment. In our study, Dkk2 was expressed in a graded fashion in colonic tissues, but was not expressed in gastric tissues. The results suggest that Dkk2 may play some role in the maintenance of the stem cell compartment in the intestinal epithelium, but is not involved in gastric epithelial maintenance.
Homeostasis of the intestinal epithelium is strongly dependent on the balance existing between cell proliferation, cell cycle arrest, and cell migration. The Wnt signalling pathway is one important regulator of gastrointestinal stem cell proliferation and homeostasis. Our study indicates that the expression of sWAs is an important component of this regulatory network.
